Abstract: Produced water is actually the wastewater separated from petroleum crude oil. Electrochemicaloxidation experiments was conducted for degradation of 16 priority polycyclic aromatic hydrocarbons (PAHs) using DSA type Ti/IrO2 anode. Laboratory scale batch reactor was used for degradation studies. To get the maximum PAHs removal electrochemical process optimized on three independent variable current density, pH and electrolysis time. The response surface modelling (RSM) based on a Box-Behnken design was applied to get appropriate experimental design. X1, X2 and X3 are the coded factors of independent variables such as the current density, pH and electrolysis time, respectively. Maximum removal was 95.29% at optimized conditions such as current density of 9 mA/cm 2 , pH 3 and electrolysis time 3.7 h. Quadratic model was suggested best fit model. The results of the Analysis of Variances (ANOVA) for PAHs demonstrated that the model was highly significant.
Introduction
Appropriate experimental design and suitable analysis of results is an important tool to evaluate an efficient environmental technology. Various mathematical models have important tools to develop appropriate experimental designs for optimizing variables for different wastewater treatment processes [1] . The majority of wastewater treatment processes are multi-variable and optimization through the classical method is inflexible, unreliable and time-consuming [2] . Response surface modelling (RSM) and Box Behnken Design are effective tools for optimization operational parameters in wastewater processes [3] [4] [5] . In our previous studies, RSM and Box Behken design has been successfully applied for optimization for PAHs degradation from produced water [6, 7] . However, application of RSM for electrochemical treatment using Ti/IrO 2 anode has not yet reported.
Produced water (PW) is subsurface formation water coproduced during oil and gas production and has been described as the largest offshore discharge associated with fossil fuel extraction [8] . Over the economic life of a producing field, the volume of PW can be more than 10 times the volume of hydrocarbon produced [9] . In many onshore areas of the world, PW is usually injected into underground formations or simply discharged in wetlands and offshore areas [9] . Hydrocarbons that are found predominantly in PW include organic acids, polycyclic aromatic hydrocarbons (PAHs) and phenols. These hydrocarbons are likely contributors to additional toxicity of PW [10] . Frost et al. [11] also identified heavy metals, radioactivity and aromatic hydrocarbons as potential causes of long-term effects. It is now generally accepted within the scientific community that the water-soluble fraction of PAHs and phenols contribute most to the acute and chronic toxicity of produced water [11] . PAHs are therefore the principal focus of the further consideration in this paper of electrochemical treatment from produced water discharges.
Electrochemical oxidation has attracted wide attention as one of the environmentalfriendly technologies in wastewater treatment processes. Titanium anodes coated with IrO 2 is the most widely used electro-catalyst for chlorine and oxygen evolution reaction in industrial electrochemistry for chlor-alkali electrolysis [12] . Titanium anode coated with noble metal oxides also exhibited a good effect on electrochemical oxidation of organic pollutants [13] . Electrochemical oxidation using IrO 2 anode was found to be effective for degradation of tetracycline antibiotics in livestock wastewater [14] , sulfide in oil wastewater [15] and ammonia in liquid waste [16] . Also in our previous study, PAHs were successfully removed in aqueous solution using Ti/IrO 2 anode [17] .
In order to achieve a better implementation of the electrolysis, IrO 2 coated titanium plates used as anodes were selected for this study. The response surface modelling (RSM) based on a Box-Behnken experimental design, was employed to study the effects of three independent variables (current density, initial pH, and electrolysis time) for maximum PAHs removal from PW.
Materials and methods

Experimental setup
Batch experiments were conducted in an electrochemical cell consisted of an anode (Ti/IrO 2 ) and a cathode (Ti plate) connected to DC power supply. Size of both anode and cathode plates was (8 cm × 1 cm × 0.2 cm) and distance between them is 2 cm. IrO 2 coated on titanium plates by thermal decomposition method described in previous studies [17] . All experiments were performed under galvanostatic conditions. Real produced water samples of volume 100 cm 3 were used for all electrochemical experiments collected from offshore oil exploration site Malaysia. Electrochemical oxidation method was used for the degradation of PAHs from produced water [6, 7, 17, 18] . Initial concentration of total 16 priority PAHs in PW was 160 µg/dm 3 .
Experimental design for optimization
The RSM based Box-Behnken design (BBD) was selected to find the optimum combination of independent variables (X 1 : current density, X 2 : initial pH, and X 3 : electrolysis time) for maximum PAHs removal. The three independent variables were set at low, center and high levels, designated as -1, 0, and +1, respectively shown in Table 1 . Based on the combination of various levels of the input factors, 17 experimental runs, including 5 replicates of the center point, were generated by Design Expert software using the RSM/Box-Behnken method ( Table 2) . Five replicates at the center of the design were used to allow for estimation of a pure error sum of squares. A second-order polynomial model (Equation (1)), using Design Expert software, was fitted to the experimental data obtained according to the Box-Behnken design:
where Y is the response, Χ i and Χ j are variables, β 0 is a constant coefficient, β j , β jj and β ij are interaction coefficients of linear, quadratic and the second order terms respectively, k is the number of studied factors and e i is the error. The significance of each coefficient in the equation was determined by F-test and P-values. 
Analysis of variance (ANOVA)
Analysis of variance (ANOVA) was used for data analyses and the interaction between the independent (process) variables and the dependent variable (response). The quality of fit of the polynomial model was expressed by R 2 and its statistical significance was examined by the F-test. Model terms were evaluated by the P-value (probability) with 95% confidence level. Three dimensional (3D) plots were obtained for PAHs degradation. The response values for the different experimental condition are shown in Table 2 .
Results and discussion
Reaction conditions or independent variables (current density, pH and electrolysis time) were optimized for PAHs removal in PW during electrochemical oxidation process using Ti/IrO 2 anode. In order to determine the optimal conditions for the independent variables in percent removal of ΣPAHs was chosen as experimental response to analyze the results for each anode. The independent variables (X 1 , X 2 and X 3 ) and response Y (ΣPAHs removals [%]) are shown in Table 2 .
By applying multiple regression analysis on the experimental data, a second-order polynomial equation (1) was obtained to describe the correlation between the independent variables and the response.
After neglecting statistically non-significant terms relationship between response (PAHs removal) and the variables are expressed by the following second-order polynomial equation.
Y (Ti/IrO 2 ) = +77.91 + 10.03
Analysis of variances
Analysis of variances (ANOVA) for the second order polynomial equation is presented in Table 3 . Values of "Prob > F" less than 0.05 indicate model terms are significant. Values greater than 0.1000 indicate the model terms are not significant. For Ti/IrO 2 anode the F-value of "Lack of fit " (0.05 ˂ 0.92) implies that the lack of fit is not significant relative to the pure error. Non-significant lack of fit is good for the model. There is a 37.45% chance that a "Lack of fit F-value" this large could occur due to noise. R-Squared values and p value (p < 0.0001) of the model also imply that the second-order polynomial model fitted experimental results well. Similarly F-value 587 of the model and low probability value indicated that the model is significant for PAHs removal. The quadratic regression model was found to be highly significant.
The ANOVA of the model showed reliable confidence in estimation of PAHs removal. The square of correlation coefficient for response in model was computed as the coefficient of determination (R 2 ). It showed high significant regression at 95% confidence level. Predicted R-Squared value is in reasonable agreement with the Adjusted R-Squared shown in Table 4 . High R 2 coefficients indicate a satisfactory adjustment of quadratic model to the experimental data. 
Interaction between variables
From model, the significant terms are X 1 , X 2 , X 3 , X 1 2 , X 2 2 , and X 3 2 . X 1 X 2 , X 1 X 3 and X 1 X 3 interactions are not exist in the model because current density (X 1 ) and electrolysis time (X 3 ) has main effect on response variable.
In Figure 1a , PAHs removal increases by increasing current density at all initial pH values keeping electrolysis time X 3 constant at 2.5 h. Also in Figure 1c , higher PAHs removal has found by increasing electrolysis time at all pH value by keeping current density constant at (6.67 mA/cm 2 ). During evolution of chlorine, indirect electrochemical oxidation of organic compounds takes place through chlorine/hypochlorite; however, the production rate of chlorine/hypochlorite did not affected by initial pH conditions [19] .
Adequacy of model
To check that selected model provides adequate approximation of real system or not some diagnostic data analyses were performed based on actual and predicted values. Actual values were experimental values while the predicted values were calculated from the model (Eq. (2)). Figure 2 shows normal distribution of actual and predicted response for total PAHs removal for the model. While Figure 2b shows the studentized residuals, the differences between actual and predicted response for PAHs removal. The figure obtained by ploting studentized residauls versus normal percentage of probability experiments. In Figure 2a , actual and predicted values are closer to each other. All the data points in plots lies on straight line which indicates that data is fairly distributed. It is clear from Figure 2b the residuals are between ±2. It also confirmed that selected model provide adequate approximation of real system. 
Optimized results
After analyzing the response optimum values were determine using Design Expert Software, by applying numerical model under the option Optimization. All the parameters were taken in range (for CD lower limit 3.33 mA/cm 2 and upper limit 10 mA/cm 2 ), (for initial pH lower limit 3 and upper limit 9) and (electrolysis time lower limit 1 h and upper limit 4 h) for maximum PAHs removal. The optimized condition obtained at current density of 9 mA/cm 2 , pH 3 and electrolysis time 3.7 h shows maximum removal of 95.29%. Good agreement between the predicted and experimental results (95.86) verified the validity of the model and existence of an optimal point.
Conclusion
Optimization plays a main role in wastewater treatment applications since the best treatment performance mainly corresponds to an optimum point or best range of operational parameter values. Hence, RSM based BBD experimnetal design is an efficient design for optimization of PAHs degradation from PW using Ti/IrO 2 anode. Current experimental design can be used for parameters optimization for oil industry wastewater treatment.
